ABSTRACT Lightning strikes are the significant cause of transient, faults, and outages in electric power transmission and distribution systems. The double-exponential function is proposed to simulate the decaying part of the measured lightning current. The transient characteristic difference (such as the gradient and waveform) between the common fault current and the lightning fault current is described in this paper. Thus, the criterion, which is to compare the peak value of transient current with the amplitude of transient current at the following 200 µs, is proposed to distinguish the short-circuit fault and the lightning stroke fault. The traveling wave location method, which uses the estimated residuals by the Kalman filter based on maximum likelihood (KF-ML), has been proposed for lightning location and fault location in various conditions, such as different lightning points, different fault points, and different lightning sides. The estimated residuals exhibit the sharp singularity when traveling wave front arrives. Thus, the lightning side and the fault side can be differentiated by comparing the time when the initial traveling wave reaches the two substations. Also, the lightning distance can be calculated by the time when the initial lightning traveling wave surge reaches the substations M and N, and the fault distance can be obtained by the time of lightning initial traveling wave arriving at the fault side and the reflection wave from fault point which gets from the lightning side. The effectiveness of exacting mutation feature using the proposed method has been demonstrated by the simulated lightning current and has also been tested with the accuracy of lightning location and fault location under various conditions.
I. INTRODUCTION
Because transmission lines are exposed to the nature, the possibility of experiencing faults on transmission lines is generally higher than that on other main components. Faults on transmission lines can be caused by natural events, such as lightning strikes, wind and ice storms, and sometimes by mechanical failure of transformers and other equipment in the system. According to statistical investigation, the lightning faults occupy more than 50% of the power system faults in general [1] - [4] . Thus, lightning stoke is the single largest cause of transient, faults and outages in electric power transmission and distribution systems. Frequent lightning outages bring operation and maintenance personnel heavy task of
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inspection [5] - [7] . Therefore, precise positioning and identifying of lightning faults can help to make more efficient transmission line strategy, which is important for the safe operation of transmission lines [8] - [10] .
For accurate location of lightning strike fault on the transmission, the lightning strike fault location system is widely used both in China and abroad. However, research [11] - [13] has shown that the accuracy of this kind of location system is affected by the delay of the detected electromagnetic wave due to its waveform and the surrounding terrain. Moreover, its measurement error is between 1 km and 3 km, which is larger than what we expected.
Lightning stroke is always followed by the steep traveling wave, which spreads from lightning point to both ends of transmission. Traveling-waved-based fault-location methods have the advantages of less influence by saturation characteristic of current transform, fault resistance, fault type and the operating mode of system, so they have been successfully applied for fault location in transmission networks.
There are two kinds of traveling wave-based fault location methods: single-ended fault location method and doubleended method. The greatest advantage of the double-ended method is that it can locate the lightning fault in comparison with the single-ended method [14] .
For the double-ended location method, the key factor is to determine the exact arrival time of the initial traveling wave front. Transient traveling wave signal generated by lightning stroke is a wave of steep wave-front. Compared with traveling wave generated by non-lightning fault (such as short-circuit fault), the traveling wave generated by the lightning stroke fault has large waveform amplitude, narrow pulse width and large steepness.
In earlier research, Fourier transform (FT) is the most important method to identify the lightning traveling wave on identification of traveling wave generated by lightning stroke [15] . However, FT analysis can obtain only frequency components of stationary signals, and time information is lost. Short-time Fourier transform (STFT) uses a ''time frequency'' window to localize sharp transitions in processing nonstationary signals [16] , but it does not provide multiple resolution in time and frequency as the window size is fixed. Wavelet transform (WT) is the most widely used method for extracting the singular point [17] , [18] . In [19] , daubechies eight (D8) wavelet transform was applied for the location of lightning stroke. Kamran [20] gave the comparative analysis of faulty impulse generated by lightning stroke using WT and FFT. The WT method shows good results in determining the fault location, but it exhibits some disadvantages, such as complicated computation, sensitivity to noise level, and the dependency of its accuracy on the selection of mother wavelet. The most important limitation of the existing methods based on the wavelet transformation is time shift variant. Thus, there is no correlation between the original signal and WT coefficients [14] .
Instead of converting the signal to the frequency domain space, the mathematical morphology (MM) and the Kalman filtering (KF) methods are completely based on time-domain, so they overcome the limitation of phase shift and amplitude attenuation. The MM detection method can fast and accurately detect the arrival time of travelling waves, but the selection of the structural element, which is used for extracting the feature of the original signals, is difficult and mainly depends on the particular application [21] - [24] . In contrast, the KF has been proved to be one of the best methods for estimating amplitude, phase and frequency of the fundamental and harmonic components of a signal disturbed by white noise in power quality problem [14] , [25] - [28] . However, still few literatures have been found in power fault detection applications.
Combining the existing traveling wave theory, this paper presents an alternative double-ended traveling wave location method for lightning stroke faults using Kalman filter based on maximum likelihood (KF-ML). The proposed KF-ML method can adaptively optimize the error covariance matrices R, Q and the initial conditions by use of the maximum likelihood (ML), and the amplitudes, namely states, can be estimated by the KF. More importantly, the estimated residual exhibits perfect singularity when the travelling wavefront caused by lightning fault arrives at the substations (M or N), which can be used for exactly determining the arrival time of the first two consecutive transient fronts. Thus, the lightning side and the fault side can be differentiated by comparing the time when the initial traveling wave reaches the two substations. Then, the location of lightning point can be calculated with the time difference that the initial lightning traveling wave surge arrives at the substations M and N. Also, the location of the fault point can be obtained by the time difference between the initial lightning traveling wave arriving at the fault side and the reflection wave from fault point which got from the lightning side [29] .
In sum, considering that some existing methods, such as wavelet transform (WT), have difficulty in determining the first two consecutive transient arrival time, this paper presents the residual analysis based on KF-ML for detecting the first two traveling wavefronts. In comparison with traditional methods, the major advantage of the proposed method is that the estimated residuals are highly sensitive to traveling wave front and less sensitive to random noise. The effectiveness of exacting mutation feature using the proposed method has been demonstrated by the simulated lightning current, and has been tested with the accuracy of fault location and lightning location under different conditions, such as different lightning points, different fault points and different lightning sides. The maximum position error is 0.3km, which is far less than the error (1km) obtained by the lightning strike fault location system.
The main contribution of this paper is twofold. First, the residual analysis method based on KF-ML is applied for detecting the first two consecutive traveling wavefront. Second, the lightning side and the fault side can be determined by comparing the time when the initial traveling wave reaches the two substations, and the location of lightning point and fault point can be obtained by the time difference of the first two consecutive traveling wavefront.
The remainder of the paper is organized as follows. Section 2 depicts characteristic of the lightning transient current. Section 3 gives lightning stroke fault location based on double-ended traveling wave principle. Section 4 presents the state space model of transient traveling signals induced by lightning stroke fault. Section 5 describes the KF-ML method. Simulation experiments are implemented to prove the effectiveness of the proposed algorithm in Section 6. Conclusions and future works are given in Section 7.
II. CHARACTERISTIC ANALYSIS OF THE LIGHTNING TRANSIENT CURRENT
When lightning stroke happens, the magnitude and waveform of lightning current are related to many factors, such as VOLUME 7, 2019 position and environment of transmission line, season and climate. So its amplitude and waveform are random.
It has been observed that lightning stroke is always followed by a wave of steep wave-front. Although lightning currents have some big differences among different lightning strokes, the actual measured data demonstrate that they are all pulse waves with single pole [30] , [31] . The analytical expression usually adopted to represent the lightning current is the double-exponential function, which is a very efficient and simple generic mathematical model for the lightning current. Also, the waveforms generated by the doubleexponential function are close to those generated by real lightning current sources. The double-exponential function is defined mathematically by the difference between two decaying exponentials [32] :
where I 0 is the current amplitude, T 1 and T 2 are the wavefront time constant and the wave-tail time constant, respectively. The wave-front time T 1 is about 1∼4us, and its mean value is 2.6us. The wave-tail time T 2 is about 20∼100us, and its mean value is about 50us [8] . In the simulation, the wavefront and tail values are chosen to 2.6us and 50us, namely 2.6/50us. To obtain the maximum current I max _L and the maximum steepness (maximum amplitude of the current derivative) I d max _L , the first and second derivatives of the double exponential function are respectively given by:
Thus, the following constrains can be used, namely
Then, we can get
Here, t 1 and t 2 denote the time when the first and second derivatives of the double exponential function are equal to zero, respectively.
Thus, we can obtain the maximum current I max _L and the maximum steepness I d max _L when t 1 and t 2 are equal to 8.1086us and 16.2172us, respectively. For example, if I 0 = 15 kA, T 1 = 2.6 us, and T 2 = 50 us, then, I max _L = 1.2091 × 10 6 A and I d max _L = −2.0562 × 10 8 A/us.
As a comparison, the lightning traveling wave is quite different from the traveling wave generated by short-circuit fault on transmission line, such as large waveform amplitude, narrow pulse width and sharp steepness.
The short circuit fault current can be represented as follow
where I m is the short-circuit fault current amplitude of steadystate, ω 0 is angular frequency of power frequency, φ 0 is initial fault phase, C is a constant, and T α is the decay time constant, which is far more than 1 (T α 1). To obtain the steepness of the short-circuit fault current, the first derivative of equation (5) is given by
Here, the time t is in a very short time after short circuit occurs, generally, t < 0.5ms.
Thus, equation (6) can be simplified as
where U is the voltage amplitude of the transmission line, Z x and Z represent the transition resistance and the characteristic impedance, respectively. Obviously, in equation (8), when
The steepness of short-circuit fault current reaches the maximum, namely,
For example, on 500kV transmission line, when Z x = 10 , Z = 250 , the maximum steepness is
Hence, the maximum steepness of short-circuit fault current (6.0415 × 10 5 ) is far less than that of lightning current (2.0562 × 10 8 ), which confirms that the lightning traveling wave has sharp steepness than the short-circuit fault current does.
In brief, the lightning transient signal, which is a pulse wave with single pole, has a sharp initial peak and short half-peak duration (less than 100us), while the short-circuit fault transient current, which shows step mutation, has a flat initial peak and relatively long half-peak duration (up to a few hundreds of microseconds); the lightning fault current waveform is positively and negatively alternating, while the short-circuit fault current waveform leans to one side of time axis in a short time interval.
Thus, according to the characteristic differences of transient current waveforms generated by lightning and shortcircuit fault, one criterions can be defined to distinguish fault and lightning stroke. The criterion is to compare the peak value (I max ) of transient current with the amplitude of transient current (I 200 ) at the following 200us, namely,
If λ is less than a given value (such as 0.5, namely, I 200 is the half-peak current), we can determine that the transient current is generated by lightning strike, or it is generated by shortcircuit fault.
III. LIGHTNING STROKE FAULT LOCATION BASED ON DOUBLE-ENDED TRAVELING WAVE PRINCIPLE
Lightning faults actually include two cases, that is, the lightning point is the same to the fault point, and the lightning point is different from the fault point. The reflected and refracted traveling waves induced by lightning stroke causing fault will spread towards both ends of the transmission line, as shown in Fig.1 
Here, v is the traveling wave velocity, t M 1 and t N 1 refer to the time when the initial lightning traveling wave surge arrives at the substations M and N, respectively. According to equation (13) , the distance between lightning point and measuring point is determined by the wave velocity, the total length of the line and the time difference of initial traveling wave surge arriving at both ends of the line. If the wave velocity and the total length of the line are fixed, the accuracy of lightning location lies in the arrival time of traveling wavefront. Obviously, in the first case shown in Fig.1 (a) (the lightning point and the fault point are the same point), the fault distance is the same to the lightning distance, which can be obtained by equation (13) . Thus, the following section describes the fault location where the lightning point and the fault point are different points.
According to the relative position between the lightning point and fault point, there are two cases (as shown in Fig.1(b) -(c)): (1) terminal M is close to the lightning point, and terminal N is close to the fault point; (2) terminal M is close to the fault point, and terminal N is close to the lightning point.
For Case (1) in Fig.1 (b) , t M 2 refer to the time when the second peak of the reflected wave from fault point arrives at 
For Case (2) in Fig.1 (c) , t N 2 is the time when the second peak of the reflected wave from fault point arrives at terminal N. Similarly, d FM and d FN can be calculated as
The effectiveness of the proposed lightning (or fault) location method is evaluated using the absolute error d and the VOLUME 7, 2019 relative error d%, which are calculated as follows [33] 
where L 1 , d 1 , L denote the actual lightning (or fault) distance, the calculated lightning (or fault) distance and the total length of the transmission line, respectively.
IV. THE STATE SPACE MODEL OF TRANSIENT CURRENT INDUCED BY LIGHTNING STROKE FAULT
The transient current waveform induced by lightning faults displays some characteristics of lightning wave in its initial part and of short-circuit fault waveform after tens or hundreds of microseconds. The transient current is generated together by lightning current and power frequency current at fault site. Hence, the observed lightning traveling wave signal can be expressed as [8] 
where y k is the observed lightning current, and I m , ω 0 , ϕ 1 denote the amplitude, angular frequency and initial phase angle of the power frequency component, respectively. v k represents a zero-mean white noise with unknown covariance
T s is the sampling period, which is equal to 1/f s (f s is the sampling frequency).
To detect the steep traveling wave front, the unknown state variables are assumed as
T . By considering state variables above, model (17) can be rewritten in the form of state space as follows
Here, F, H denote the system matrix and the observation matrix, respectively. η k and e k are the process noise and the observation noise, which are zero-mean Gaussian random variables with covariance Q k and R k , respectively. When the power system is in the quasi-static state, current state X k is a stationary random process. Thus, the state variable is assumed to be slowly-varying, which infers that the state at time k+1 will be the same at time k. The state equation can be expressed as follows [34] :
Thus, the matrices
Here, I is the identity matrix.
From the output equation of model (18) , the estimated residual (innovation) of y k based on X k|k−1 is given by
Combining equation (17) (22) Obviously, when lightning strokes occur, the estimated residual e k includes two components and exhibits perfect singularity, which can be used for exactly determining the initial time of the lightning striking. Instead, without lightning strokes, the residual shows steady and strongly random because the residual is modeled as a Gaussian white noise process [35] . Thus, the amplitude of the power frequency component can be calculated as
where the states I m cos ϕ 1 and I m sin ϕ 1 can be estimated from model (18) using KF-ML.
V. THE KF-ML METHOD
To determine all the unknown constant parameters and estimate the state X k from the noisy observations using model (18) , the KF is used to estimate the state from the noisy observations. However, the practical application of the KF has the difficulties in selecting the process noise parameter Q k and the observation noise parameter R k , which seriously affects the rate of convergence and the estimation performance. Thus, to obtain the best estimation, it is proposed in this paper to use the maximum likelihood method for the optimal choice of the noise covariance matrices Q k and R k .
A. STATE ESTIMATION BY THE KALMAN FILTER
LetX k|k−1 , S k|k−1 denote the conditional mean and conditional covariance of X k given y 1:k−1 = {y 1 , · · · , y k−1 },v k be the predicted innovation of y k . Therefore, the prediction equations using the recursive Kalman filter may be given as follows
LetX k|k , S k|k denote the conditional mean and conditional covariance of X k given y 1:k = {y 1 , · · · , y k },ˆ k be the covariance of v k , then the filtered state is given as
B. PARAMETER ESTIMATION BY THE MAXIMUM LIKELIHOOD
In Eqs. (24)- (25), except for the constant parameters γ 1 , γ 2 , · · · , γ 2M −1 , γ 2M , ε, the initial state X 0|0 and the initial conditional variance S 0|0 = diag([s 1 s 2 · · · s 2M −1 s 2M ]) also need to be estimated. So the parameters to be estimated
Assuming v k is a Gaussian white noise vector with covariance k , then the joint conditional density of v k may be written as
where |•| denotes the determinant. Therefore, (-2) loglikelihood of model (18) may be derived as follow (27) where N represents sampling length. From the estimated innovationv k and its covarianceˆ k with respect to the given parameters θ, the optimal parameters θ * may be obtained by minimizing the (-2)log-likelihood function (27) as follow
+N log 2π (28) In this paper, the function ''FMINSEARCH'' based on the Nelder-Mead method in the MATLAB Optimization Toolbox is used to carry out the parameter optimization.
VI. SIMULATIONS
In this section, two kinds of transient signals generated by lightning stroke fault are given to verify the effectiveness of the proposed algorithm. One is simulated by model (17) , and the other is induced by lightning stroke causing shortcircuit fault using ATP software, which includes different lightning points, different fault points and different lighting sides (M or N).
A. DETECTION OF THE LIGHTNING TRANSIENT TRAVELLING WAVE SIMULATED BY MODEL (17)
Based on model (17) established above, the lightning transient is simulated. The shape of pulse used for simulation follows the specification of International Electro-Technical Commission (IEC) with wave-front and tail value 2.6/50us. The peak values of current I 0 and I m are assumed to 15kA and 2kA, respectively [16] . The sampling interval T s is set to 2us, and the initial time of the lightning striking is set to 0.005s. Thus, the initial sampling point N s of the lightning striking and the sampling point N max of the maximum current can be obtained by Simultaneously, to simulate noise conditions occurring in real power systems, different noise levels with 20 dB, 30 dB and 40 dB signal-to-noise ratio (SNR) values are added to the measured signal. Fig. 2 shows the observed lightning transient signals with changes in noise and the clean lightning transient signal without noise. Fig. 3 gives the estimated amplitudes and residuals by use of the proposed KF-ML with different noise levels varying from 40dB to 20dB. In Fig. 3 , the estimated amplitudes using the KF-ML show remarkable singularity, and the sampling point (2504) of the singular value obtained by the KF-ML is the same as the actual one in all conditions. Thus, the KF-ML has the ability to detect the singularity of lighting traveling wave, and the arrival time of wave front can be determined with singular value using the KF-ML.
The estimated residuals in the bottom of Fig.3 obtained by the KF-ML exhibit significant singularity, and the singular point (2501) is same with the initial sampling point N s of the lightning striking, which exactly matches the initial time of the lightning striking. Out of traveling wave front, the estimated residuals in Fig.3 show strong random and steady, which are compatible with the theoretical analyses. These results indicate that residuals are highly sensitive to traveling wave front and less sensitive to modeling uncertainty, such as random noise and model inaccuracies. It is worth mentioning that the residuals are nonzero due to the presence of random white noise without lightning strokes.
B. LIGHTNING STROKE FAULT LOCATION BASED ON THE DETECTION OF THE TRAVELLING WAVE HEAD
In order to demonstrate the effectiveness of the proposed method, the location of lightning point and fault point is performed under different conditions. In these experiments, a model for 500kV AC transmission system shown in Fig.4 is constructed in ATP/EMTP. The total length of the transmission line is 100 km, and a standard lightning impulse of 2.6/50us is assumed to strike the line.
Case 1 Different lightning points
In this case, the lightning side is close to M terminal, and the fault side is close to N terminal. For finding the location of different lightning points, the simulation is carried out by shifting the lightning point every 5km over the line starting from the fault point. For simplicity, it is assumed that the fault point is fixed, namely, d FM = 40 km, d FN = 60 km, and the traveling wave velocity v is 3 × 10 8 m/s. The sampling frequency is 2MHz in this simulation. Thus, the distance d FL between the lightning point and the fault point varies from 0 to 15km, namely d FL = 0, 15 km. Fig.5 gives the traveling voltage signals interfered by 40dB Gaussian white noise with different lightning points from the substations M (red) and N (blue). Fig.6 gives the dynamic changes of residuals in Eq. (22) at different lightning points. The fault location and the lightning location for different lightning points are shown in Table 1 .
In Fig.5 , it is clear that transient travelling voltage surges on both substations include two parts according to time duration: the initial surge and the oscillating surges. The initial surge generated by lightning current exhibits high magnitude and steep front, while the following oscillating surges caused by insulator flashover have relatively low magnitude front and last for a long time. In comparison with the other three subgraphs, the initial wave fronts (including the substations M and N) in the first subgraph of Fig.5 have large steepness. The traveling waveform in the first subgraph of Fig.5 is different from those in the other three subgraphs of Fig.5 , while the other three traveling waveforms are broadly similar.
As shown in Fig.6 , the estimated residuals change dramatically when the traveling wave front arrives, and the sharp singularity points from the first two consecutive travelling wave can be easily detected (as marked in Fig.6 ). Obviously, the time t M 1 (the sampling point is 1772, 1739, 1705, 1672, respectively) when the initial traveling wavefront reaches the substation M is less than t N 1 (the sampling point is 1908, 1941, 1974, 2008 , respectively) when the initial traveling wave reaches the substation N, so the substation M is the lightning side and the substation N is close to fault side. With the lightning point close to the substation M, the time when the first surge arrives at the substation M decreases, while the time when the first surge arrives at the substation N increases. Therefore, according to the arrival time of the first two consecutive traveling wave head, the lightning distance and the fault distance can be calculated using Eq. (13) and Eq. (14), respectively.
From Table 1 , it is clear that the proposed method has high accuracy in determining lightning distance and fault distance at different lightning points. With regard to the lightning location, the maximum absolute error and relative error are 0.2km and 0.2% respectively at lightning distance of 25km from the substation M. As for the fault location, the absolute error and relative error are identical at different lightning points, namely, 0.05 and 0.05%, which indicates that the proposed fault location method is robust and insensitive to lightning striking points.
It is worth mentioning that the lightning distance and the fault distance are 39.8 and 39.95 respectively when the lightning point is identical with the fault point. In this case, there is a difference (0.15km) between the lightning distance and the fault distance. Maybe this is because that it takes microseconds (less than 5us) from insulation breakdown to establishing a stable arc (such as a short circuit fault). Thus, if the distance between the lightning point and the fault point is less than about 1.5km, the lightning point and the fault point are seen as the same point. In Table 2 , when L LM = L FM , the estimated distance d FL between the lightning point and the fault point is 0.15km (far less than 1.5km), so the lightning point and the fault point are the identical point. This result obtained by the proposed method is consistent with the actual one. All this verifies the effectiveness of the proposed method.
Case 2 Different lightning side
As a contrast, the lightning side is close to N terminal, and the fault side is close to M terminal in this case. The fault point is assumed to be fixed, namely, d FM = 65 km, d FN = 35 km, and the lightning point is shifted every 5km over the line starting from the fault point. The traveling wave velocity and the sampling frequency are the same as those of Case 1. Fig.7 gives the traveling signals interfered by the Gaussian white noise of 40dB with different lightning points from the substations M (red) and N (blue). Fig. 8 gives the dynamic changes of residuals at different lightning points. The fault location and the lightning location for different lightning points are shown in Table 2 .
It is clear from Fig.7 that the traveling voltage possesses two kinds of characteristics: in the initial part of waveform, lightning wave makes a main effect, and the positive and negative wave peaks appear alternately; the subsequent waveform displays some characteristics of short circuit fault, and the waveform leans to one side of time axis within a short time. In Fig.8 , it is obvious that the time t M 1 (the sampling point is 442, 475, 509, 542, respectively) when the initial traveling wave reaches the substation M is greater than t N 1 (the sampling point is 239, 205, 172, 138, respectively) when the initial traveling wave reaches the substation N, so the substation N is the lightning side and the substation M is the fault side. Thus, the lightning distance and the fault distance can be calculated using Eq. (13) and Eq. (15) according to the arrival time of the first two consecutive traveling wave head, respectively. The obtain location results shown in Table 2 indicate that the proposed method has high accuracy. With regard to the lightning location, the maximum absolute error and relative error are 0.3km and 0.3%, while the absolute error and relative error of fault distance are identical with different lightning points. This confirms the proposed method is robust to different lightning points.
The errors of fault location and lightning location in Case 2 are larger than those in Case 1. Hence, the nearer the fault point (or lightning point) is to the mid-point of the line, the higher the fault location (or lightning location) accuracy is. Maybe this is because any detecting method has delay time when it extracts the singularity points. Thus, the difference of the response time for the detecting the singularity points at the substations M and N decreases when the fault point (or lightning point) is close to the mid-point of the transmission line.
Similarly, when the lightning point is identical with the fault point, the lightning distance and the fault dis- than 1.5km. Thus, the lightning point and the fault point are assumed to the same point.
Case 3 Different fault points
In this case, the lightning side is close to M terminal, and the fault side is close to N terminal. Moreover, the fault point is shifted every 5km, and the lightning point is fixed, namely, d LM = 35 km, d LN = 65 km. Fig.9 gives the traveling signals interfered by the Gaussian white noise of 40dB with different fault points from the substations M (red) and N (blue). Fig.10 gives the dynamic changes of residuals in Eq. (22) at different fault points. The fault location and the lightning location for different fault points are shown in Table 3 .
Transient travelling voltage surges on both substations as shown in Fig.9 include two parts: the lightning part and the fault part, which are the same as those in Case 1 and Case 2. In Fig.10 , the time t M 1 (the sampling point is 239 in all conditions) when the initial traveling wave reaches the substation M is less than t N 1 (the sampling point is 441 in all conditions) when the initial traveling wave reaches the substation N, so the substation M is the lightning side and the substation N is the fault side. Thus, the lightning dis- tance and the fault distance can be calculated using Eq. (13) and Eq. (14) according to the arrival time of the first two consecutive traveling wave head, respectively. In Table 3 , the errors of lightning location are identical at different fault points. The errors of fault location become decreasing as the fault point is close to the mid-point of the line. Especially, when the fault point arrives at the mid-point of the line, the error declines to 0, which is because that the proposed method has almost the same response time for the detecting the singularity points at the substations M and N when the fault point is close to the mid-point of the transmission line (the distance between the fault point and the substation M is as well as that between the fault point and the substation N).
VII. CONCLUSIONS
In this paper, an application of residual analysis based on KM-ML has been proposed for the location of lightning fault, which includes the location of the lightning point and the fault point. The estimated residuals exhibit the sharp singularity when traveling wave front arrives. First, the lightning side and the fault side can be determined by comparing the time when the initial traveling wave reaches the two substations. Thus, the lightning distance can be calculated by the time when the initial lightning traveling wave surge arrives at the substations M and N, and the fault distance can be obtained by the time of lightning initial traveling wave and the reflection wave from fault point which got from the lightning side. The effectiveness of exacting mutation feature using the proposed method has been demonstrated by the lightning traveling wave in model (17) , which is simulated by doubleexponential function. Further, the performance of the proposed method is tested with the accuracy of fault location and lightning location under various conditions, such as different lightning points, different fault points and different lightning sides. All these indicate that the method has high location accuracy, and is robust and insensitive to lightning location. Our future work includes the implementation of the proposed method in DSPACE and reliability test using field data.
